
-818 MES~A [G MENTAL WORKLOAD: A PERFORMANCE BATTERY(U) 1/
• i NUN ENGINEERING LAS ABERDEEN PROVING GROUND MO

L A MHITAKER ET AL .EP 87 HEL-TH-21-87

UNCLASSIFIED FG 5/9IIIIEEEEEEIE
EhhIEllE~lllEE
I.E.E.E



I1.2

P e-

- ,uIII j

.. -

- I ,,,

65

-S

S

p

*q 0 0 0 0 0 0 0 0 0

u-; 5 . .



~qqr

AD-A187 118

Technical Memorandum 21-87

4.'

MEASURING MENTAL WORKLOAD: A PERFORMANCE BATTERY :._,

Leslie A. Whitaker
Klein Associates

Lynn C. Oatman I

Human Engineering Laboratory

Matthew D. Shank
University of Missouri-St. Louis

September 1987

AMCMS Code 611102.74A0011W ;

Approved for public release;
distribution is unlimited.

U. S. ARMY HUMAN ENGINEERING LABORATORY

Aberdeen Proving Ground, Maryland

''.

%ligi

e_ lew AI



'.

',

trdIn rl of

trace~~~arK W-A;1 2 tr , Inc.

Destro\ this report when no lu)nger needed
Do not return it to the origi nat' r

The findings in this report are not ti )nstrued as an offioal Department
of the Arm\ position unless so desigr. h\ Other 11uthori/ed dJOCUMICntS.

Use of trade names in this report does nio it nsiote an official endorsement
ojr approval of the use of such commer al prodUL tS,

5.6N

- 5

•---..t.a--,-:-.--;*5 -'.p--.. Co-. .-,- , -n-



SECURITY CLASSIFICATION OF THIS AEf4 /
rApproved

REPORT DOCUMENTATION PAGE o$Ao 0o40o18
_,,,._ Ex ODare Juvn 30, 1986

la REPORT SECURITY CLASSIFICATION lb RESTRICTIVE MARKINGS

Unclassified
2a SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/AVAILABILITY Of REPORT

2b DECLASSIFICATION/DOWNGRADING SCHEDULE Approvec toC public release;

Luist r ibut ton is unImi ted .
4 PERFORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NUMBER()

Technical Memorandum 21-87

6a NAME OF PERFORMING ORGANIZATION 16b OFFICE SYMBOL la NAME OF MONITORING ORGANIZATION
(If applicable)

Human Engineering Laboratory SLC;i-
" 6c. ADDRESS (City, State, and ZIP Code) 7b ADDRESS (City, State, and ZIP Code)

Aberdeen Proving Ground, ID 21005-5001
8a. NAME OF FUNDING/SPONSORING Bb OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

ORGANIZATION (If applicable)

B. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK IWORK UNIT
ELEMENT NO. NO INO IACCESSION NO

0... 6.11.02.A L61102B74A I
11 TITLE (Include Security Classification)

MEASURING MENTAL WORKLOAD: A PERFORMANCE BATTERY

-/ 12 PERSONAL AUTHOR(S) Leslie A. Whitaker Matthew D. Shank

Lynn C. Oatman
13a TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) 15 PAGE COUNT

Final I FROM _ TO September 1987 29

16 SUPPLEMENTARY NOTATION

17 COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB-GROUP mental workload visual search

05 08 mental arithmetic memory search

assessment battery

19 ABSTRACT (Continue on reverse if necessary and identify by block number)

A performance test battery consisting of three tasks (memory/visual search,

* serial arithmetic, and column addition) was developed for use on an Apple® lIe
microcomputer. For each task, several workload parameters were varied via a menu.

In three separate experiments, performance variables (response latency and error

rate) were found to be sensitive to changes in workload. The test battery is an easy

method of varying workload through the use of a controlled laboratory task. Future

research measuring subjective opinions and evoked potentials is planned using this

O0. battery of tasks.

20 STRIBj T.O%, A A.LABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION

El ,N JC(LASSFEDUNLMITED XX SAME AS RPT El DTIC USERS Unclassified

22a '.AME OF PESPONSIBLE NDIVIDUAL 22b TELEPHONE (Include Area Code) 22c OFFICE SYMBOL

Patricia Streett 301-278-4478 SLCIHE-SS-I'S

DO FORM 1473, 84 MAR 83 APR edition may be used unti exhausted SECLjRITY CLASSIFICATION OF THIS PAGE
" All other editions are obsolete

0% %
7....- , -,.. -.'? .. ..- -. . ., ..., . ..- - '.- - ' . .,. ',,, . .,,,,, -.., , ,



AICMS Code 611102.74A0011 Technical Memorandum 21-87

MEASURING MENTAL WORKLOAD: A PERFORMANCE BATTERY

I4- 0

Leslie A. Whitaker
Klein Associates

P.O. Box 264 
---

Yellow Springs, Ohio 45387
C f TAB 

* Lynn C. Oatman -)hfl~urced• Just tric ot lo p
Human Engineering Laboratory J-

Matthew D. Shank , By-
University of Missouri-St. Louis Distributlon/

I Availability Codes
Avail anc/or

1'st Special

September 1987

APPROVED
.,-,,.OHN D. EISZW

irector

U.S. Army Human Engineering Laboratory

Approved for public release;
distribution is unlimited.

.4 .

U.S. ARMY HUMAN ENGINEERING LABORATORY
Aberdeen Proving Ground, Maryland 21005-5001

4



PREFACE

This manuscript was written while the first author was a Battelle Suinrnij
Associate at the Human Engineering Laboratory, Aberdeen Proving Ground, Mlarylaind.

The authors wish to thank Dr. David Thorne for his extensive help during the
modification of the PAB software.



CONTENTS

EXPERIMENT I .............. ................................

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Resu lts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

EXPERIMENT II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods .............. ................................

Results .............. ................................

EXPERIMENT III .............. ...............................

Results .................. ................................ 17Restos.........................................................5

GENERAL DISCUSSION ............. ............................. 21

REFERENCES .................. ................................. 23

APPENDIX

Analysis of Variance Tables ......... ...................... 25

FIGURES

I. Memory/Visual Search Task: Mean Response Latency as a Function
of Memory Set Size and Target Search Set Size ... ........... 8

. 2. Memovy/Visual Search Task: Error Rates as a Function of Memory
*-. Set Size and Target Search Set Size ..... ................ 9

3. Add/Subtract Task: Mean Response Latency as a Function of Number

of Stimulus Items and the Stimulus Durations ... ........... 13

4. Add/Subtract Task: Error Rates as a Function of Number of Stimulus
* Items and the Stimulus Durations ...... ................. 14

5. Column Addition Task: Mean Response Latency as a Function of Number

* of Digits per Item and Number of Items to be Added . ........ 18

6. Column Addition Task: Error Rates as a Function of Number of Digits
per Item and Number of Items to be Added ............. lC

TABLES

1. ressiofl Coefficients for the Memory Search Task: Predicting
He , ors- Idatency (CRT) From Task Variables

2. Rt,4ression Coefficients for the Serial Arithmetic Task: Predicting

, Response Latency (CRT) From Task Variables ... ............ 16

e. ,pes;ion Coefficients for the Addition Task: Predicting Response

,:iteicy (CRT) From Task Variables ....... ..................

04



MEASURIN 4ENTA! WO4KLUAD: A PERFORMANCE BATTERY

The measarement ot mentaL worklo:id tas; beei: investigated extensive 1y during
the past decade (see WitKei- N Krioei , L')8, ), tor r''lew). There is no single
detinition or wor~loa that hm., betz., tund to be acceptable and, therefore, it is
not surprising that there is still considerable controversy about the appropriate
methods to be used in assessing wor-I ),id. oespite Knowles (1963) recommendation
that efforts be made to irrivk .L i g, enerally accepted tests, this goal has not
been achieved.

The goals of any such method are to show sensitivity to changes in workload,
lack of intrusion on the performance ot thp prina-v task, and representativeness
across job categories. Chiles and Alluisi (1979) have recommended the use of

laboratory tasks wheaever teasibl to achieve these goals. They argued that
laboratory tasks are preferable to measuring the job itself (primary task
measurement) because findings from one primary task do not generalize to other

dissimilar jobs. This lack of representativeness is a major stumbling block in the
development of workload measurements based on primary tasks. The use of a single
representative task to measure generic mental workload is probably an impossible
goal because of the large domain of cognitive activities found in various types of
mental work (LePlat, 1978). In contrast to primary task measurements, laboratory

• tasks can sample specific cognitive activities and can be combined with various
primary tasks to index their workload. Knowles (1963) recommended that these tasks

should sample various cognitive functions found in the workplace (e.g., mental
arithmetic is representative of the general problem-solving requirements of mental
work). Gopher and Sanders (1984) have echoed this same recommendation 20 years
later. However, there still appears to be no resolution in the final choice of
measurement.

The use of more than one type of measurement has been recommended by various
investigators because of the inconsistency or insensitivity of any one measurement
(LePlat, 1978; Moray, 1982; Simmons, 1979). When convergent measurements from
various techniques can point to specific tasks as having high workload, the evidence
is far stronger than when only a single measure is used.

Moray (1982) noted the generally poor correlations among subjective opinion
(operator reports of task difficulty), physiological, and performance
measurements. He recommended further research attempts that assessed workload by

using several measurement techniques drawn from the subjective, physiological, and
* performance domains. This is consistent with Wickens and Kramer's (1985) position

that workload is best viewed "as a multidimensional construct that includes
behavioral, physiological, and subjective aspects.'(p. 316).

The present research was the first step in the development of a test battery

that could compare workload measures in these three categories. The initial work
S was the construction of a computer program that could present generally accepted

cognitive tasks at a variety of difficulty (workload) l2vels. These tasks were

then tested to determine the influence of such difficulty manipulations on
performance. The goal of these experiments was to determine a range within which

-. .' performance was sensitive to changes in task parameters. On the basis of these
results, subsequent experiments will compare a subset of these task conAitions to
measure subjective and physiological responses, as well as performance. This test

of convergent measures will provide the correlations recommended by Moray (1982) to

04 # % V'
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assess task variables sensitive to all three measurement techniques. This report
was written to make available the test battery and t'.,e initial ;,crfarmnce data.

The test battery itself was based on a purl"ormailce as;,essment battery

developed by Walter Reed Biomedical Laboratory (Thorne, Censer, Sing, , Hegge,
1985). In its original form the battery consis[s of 13 performance tasks; however,
the parameters (workload) exist at only one level for each task. In the modified
program, it is possible to vary a number of stimulus parameters to determine their

effect on the performance output.

In a series of three experiments, a visual search and two types of mental

arithmetic tasks were examined to determine which stimulus parameters affected
performance. Variation in workload Levels was operationally defined as those
changes in task parameters that produce changes in performance.

EXPERIMENT I

Immediate memory for letters has been examined in a variety of paradigms to
determine the effects of memory load (Sternberg, 1969) and visual search complexity
(Neisser, Novick, & Lazar, 1963) on processing time. Kaplan, Carvellas, and Metlay
(1966) combined both these variables in a memory and search task (MAST). While
subjects completed a paper and pencil test, their eye movements were measured to
determine the time spent scanning a 10-item search string of letters for an
embedded subset of i to 10 letters. The memory set was changed for each trial;

therefore, subjects were working on an immediate (short-term memory) task. Scan time

increased linearly as a function of memory set size.

Folkard, Knauth, Monk, and Rutenfranz (1976) examined a similar task in which
subjects searched a 20-letter string for a memorized subset of two, four, or six
items; however, the memory set items were constant for an entire block of 96

trials. The authors reported that the number of lines searched varied as a
function of the time of day. When the average performance at each memory set size
is computed, the slope is not linear. Instead the processing time per memory item
decreased as a function of memory set size.

In both these studies, subjects were allowed to return to the memory set to
review it after they had begun scanning the search string. Kaplan et al. (1966)
measured the time subjects spent reviewing the memory set and found it to be a

* positively accelerated function of memory set size. Therefore, the amount of
processing time as a function of memory load is not linear when the total time
spent on scanning the search string and returning to review the memory set are
combined. Instead Kaplan et al. (1966) found that the total processing time per
memory item increased as memory set size increased. Response latency results of
the present study will be analyzed to determine whether the best fit regression
function shows an increasing or decreasing time cost per memory set item.

Kaplan et al. (1966) described their task as an immediate memory task. Such
tasks have been shown to be sensitive to the amount of time (retention interval)
following the presentation of the memory set before recall i allowed (Peterson &
Peterson, 1959). Keppel and Underwood (1962) reported that tasks with variable
memory sets (i.e., a new memory ,t for each trial) wer ver, suscptible to

forgetting as a function of retention interval lengt h . Lose results were
-rN
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- obtained for tasks in which the retention interval was filled with a distracting
task tu prevent rehearsal of the memory set. Klatzky (1984) has reviewed immediate

-i memory processes and concluded that the retention interval can serve as a period of
Tconsolidation to develop richer memory traces that resist forgetting, if the

retention interval is free of a distracting task.

The present experiment was designed to replicate the conditions tested by
Kaplan et al. (1966) and Folkard et al. (1976) using a computer presentation that
prevented the subject's looking back at the memory set after beginning to scan the
search string. In this way, response latency would reflect the total processing
time once the scan had begun. The purpose was to determine whether the search for a
larger set of letters was more or less efficient (time per item) than was the search
for a smaller set of memorized items. Briggs (1974) surveyed the literature to
determine the shape of the function that predicted response latency from memory set
size. He concluded that some data were better fit by linear (equal time per item)
and some by logarithmic (less time per item as set size increases) functions.
Therefore, analyses of the present data were planned to test the fit of both
functions. In addition, the retention interval was varied to determine whether
time to consolidate the memory set would facilitate search; hence a new memory set
was used ca each trial.

- ' Each of these variables represents a different type of load in operational
* tasks. The memory component is critical to any coding or transcription task and has

been found to be a function of both the memory set size and retention interval
(e.g., Sternberg, 1969; Wickens, 1984).

METHODS

Subjects. Twenty university students were tested. Twelve of these
participants were females and eight were males. Eight were graduate students, while
the remaining students were undergraduates. They were found to have normal or
corrected to normal visual acuity. Subjects were randomly divided into two retention
interval groups with the restriction that half of the graduate students and half of
the males were in each group. One group participated in the condition with a 3-
second retention interval between the offset of the memory string and the onset of
the search string. The other group had a 0-second retention interval. Each
subject participated in a single session during which he or she completed all

* repeated-measures conditions in the experiment.

Design. The task levels were the following: (2, 4, or 6 memory letters) x (9
or 19 search letters). Each of these six conditions was presented in two separate
blocks of Ii trials. The order of presentation of the six condit ious was

* .counterbalanced to control zero- and first-order position effects. The second block
ot si:x conditions was in the reversed order; thus providing an ABBA design.

Procedure. Each subject was tested individually. The subject was first
tested to determine that his/her vision was either normal (20/25) or corrected to

-, that level by the subject's own glasses or contact lens. The program is designed
to provide a menu and prompts that allow the subject to serve as experimenter by

U V keying in the parameters for the next block of trials; however, an experimenter was
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aIwavs present in the room to answer questions and to een ne Wn i ther h ,. ,e

was folilowin4 the correct procedure. The subject was .17 tc 4 .

screen. he :,me:norv string spanned 2 to 40 visual anle, whi ,- the 4 I rt,:~oo
spanned rro : M to 2 .7

On each trial, a fixation point was marked v. ' " t. 1 e', , C :.

screen. After a 1.5-second warning interval, the memory set ,f two, !our , A

letters (centered horizontally about the fixation posit i.,) rL- pi..

After 2 seconds, the screen was blanked and either the St , rh ;I i. ,-

immediately (0-second retention group) or a 3-second re tntion intcr ..

before the search string appeared. The search string cntainod ith,,r ,"

letters. For either search string length, half ot the strings contain;!'. JI

memory set letters. The subjects responded to these seLs bv pre sin tft . .

key. On the remaining sets, it least one of the memory set letters w " m-isl
these trials, tie subject pressed the D (different) key.

Subjects were instructed to work as quickly as possible without making

errors. The subject first completed a block of practice trials for each of the six

conditions. There were five trials in each practice block. If there were no

questions, the subject then began the data trials. After completing one block of II

trials for each of the six conditions in the designated order, the subject nad a

5-minute break and then completed one more block of each condition in the reverse

order. Summary response time and accuracy data were displayed on the screen at Lhc

end of each block of trials. The subjects were encouraged to compete with their

own scores to improve their performance.

Equipment. An Appleblle system with two disk drives, 128 K memory, and a

monochromatic screen was used to present the stimulus information and register the

subject's response. A timer board from California Computer Systems (Model # 7220A)

was inserted in slot I2 to time the duration of the response intervals. The data

were output to an Apple Imagewriter printer for later analysis. The parameters and

subject identification code were printed for each block of trials. The accuracy and

- ~ response time for each trial were recorded as well as summary data for each 11-

trial block.

The test battery itself was modified from the Walter Reed Performance
S .ssessment Battery (Thorne et al., 1985). This program is written in .\pplesott

BASIC under DOS 3.3 and is available in both an uncompiled and compiled version.

% The modified test battery provided the opportunity to vary (via menu) the following

p.rameters in the memory search task used in the present study: the number of

-. t r i us I i cy ./ hlocK, the number of letters in the memory set, retention interval

hetwe,,.r ti fm -,e,rv set and the search string, and the number of letters in the

"ir:h tri,.

RESL.LTS

..-.. -, : -,,n , Tmes to correct trials in each bloCk Were a-n l vzC1 I :

. . I , inv r ;e. A mixed-tactors design was usted to I ,eter,,. i;e the

I, -. * , , tr.'c Iro:ping variable (retention interval) and the three repe-.tcd

.' r -f.t ' ize, search set size, and trial block) . The summiry source
r tl;' '-; ,l variaince is included in the \ppendix. 1h , t,

-:%
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~ 'r .i inter. tIoIun
S'S t,,.ret ., , , ' . .. ,- < . ' * **, . . -> 0 tr:.,:s 1n

. e t I h- n

.% t, r, , l - ' ,_ no ,:+ . , ,+ t i ..l . 1 . '+' f + +. . K + , ,:

i r -g :''~~ rci 
t

t O 1) (-ct I c rc tit,

rr r, , int re,ised W i t , 1 . <. L .
i

'e )t t i *

d .ma draimticaI1 ci irferent t,,) tLI tw , .i rric. > .'> . ii. It is r r re
to interpret t hte triree-way interacti i t I:!,, siz, ' t'.i rtl set size, ,_rd
retention interval; however, ttie means o: tli> 11te act i01 are *.ra ptiud in F iciir- .

When the graphs of the two dependent vsriahl.2L: -ir ,-,usidered together, it
appears that a speed accuracy trade-or has occurr:t betwoen retention intervals.
At the shorter (0-second) interval, response LiI.us are less atfected by memory set
size , while error rates increase sharply. At trne longer (3-second) interval, the
response time slope as a function or menory set size is steeper; however, error
rates increased less than for the shorter retention interval. There is no apparent
reason in the experimental procedure for this trace-off; therefore, this phenomenon
may merit turther study.

In an exploratory regression analysis, the data for latencies of correct
responses were fit to linear, quadratic, and logarithmic models for each retention
interval group. A "best" model was found by allowing variables to enter the
equation in a forward stepwise regression (SPSS, 1970) until the addition of mere
variables did not significantly increase the proportion of variance explained (R-).
The best linear model entered both memory set size and search set size for each
group. Both the quadratic and the logarithmic model provide a similar fit, but may

be less straightforward to interpret. The regression equations for each model are
listed in Table 1. None of these models has been cross-validated; however, the
percent variance explained is in the range Nunnally (1975) describes as a
moderately (R = .40-.50) or a very (R = .50-.6)) satisfactory predictor.

None of these models fits the RI = 0 data as well as it fits the RI= 3 data.
* The linear model fits as well as the more comp"ex models for each dependent
. variable. However, it should be noted that, for the R! = 3 group, the q.l;dt itic

model fits the response latency data as well I ;ith one independent variable
S EAP ) as the linear model does with two inden)endent variables.

These results are consistent with the expected results wit h regards to memorv
O.' set size and search string size. Larger +'alies I ,,,t. \criho reurwtud in

increase ! response t ime . However , the regress ic i >s i s -rov di,,! no c lar i i i cit i on
ot wh,thcr a lineri or a lo - linear model est d c r i t, c t Irrmane -, a!,.-v
data Brig ; , 19 74) . In the aggregate, tLe >.ht-;t< witi- n, ier r.,t,, i.n
i " intf-rial hO,, lower error rates. However, it Lt iiKl t.<t 1, , . id , th.. rror

rate,; A)r the two ,ro,ips wcre equivalent, tut rt-sp .'se . t ' A tre longer T the
3-sec -nd group than those for the 1)-n'c ond rtt eu .'
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Table I

Regression Coefficients for the Memory Search Task:

Predicting Response Latency (CRT) From Task Variables

MODEL 1: LINEAR (Possible independent variables are memory, search, and block.)

Retention Interval

0 seconds 3 seconds

MEMORY .24 .51

SEARCH .15 .20
CONSTANT .09 -1.11

R .25 .44

MODEL 2: QUADRATIC (Possible independent variables are memory, search,
* memory*search, memory , search-, block.)

Retention Interval

0 seconds 3 seconds

SEARCH 2  .003

MEMORY*SEARCH .017 .042

CONSTANT 1.580 1.440

R2  .25 .44

MODEL 3: LOGARITHMIC (Possible independent variables are log 2  (memory),

log 2(search), block.)

Retention Interval

0 seconds 3 seconds

LOG(MEMORY) .638 1.282
LOG(SEARCH) 1.410 1.896
CONSTANT -3.230 -5.640

* R2  .25 .45

Vt i. )ata f, r the two retention interval groups (RI = 0 and RI = 3 seconds) were

a rn, I i,'zd ;tp rate lv.

I %

. ... -. le
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EXPERIMENT II

Mental arithmetic has been used to assess workload in several previous

batteries (see Oden et al., 1979, for review). Although simple arithmetic is a
skill mastered by most literate adults, the method by whicp we compute is not w( I]-
undesrstood. Groen and Parkman (1972) proposed a counting model to explain response
latency to simple addition problems. However, Ashcroft and Battaglia (1978)

- reported i esearch that more closely matched H menory search and retrieval
explanation. They found that subjects could determine the veracity of a sum in

r approximately 900 msec, while the size ot the actual digits to be added contribited
little (less than 2 msec/digit) to the total reactirn time8 tor adult subjects.

They did report that response times increased .3 the ,pvuare of the digit sum and
hence that the total reaction time would increase nonlinearly with the magnitude of
the problem.

The mental arithmetic task used in the present study required that the
subject calculate a running total of addition and subtraction operations on a
series of single digit numbers. This task varied the magnitude of the problem by

- altering the number of digits in the series. A linear increase in response time
--'- would be predicted if including more computations in a single problem merely

multiplied the number of operations that had been necessary to compute a two-
element problem. However, if computation time was increased as an exponential

* scale of task difficulty, then the resulting response latencies would increase as
the quadratic function described by Ashcroft and Battaglia (1978).

In addition, the stimulus duration of each digit in the problem was varied to
determine whether computation on the subtotal could be conducted during the course

-of the series presentation. Gopher and Sanders (1984) have discussed the question
of operation interruption in the context of dual-task time-sharing. They have

* noted that at some stages, two tasks cannot be time-shared because one stage will
essentially capture processing capacity for the duration of its execution. In the
analogous aspect of the current task, the question to be tested was whether
computation on the partial sum could be accomplished efficiently during the period
prior to the presentation of the next digit in the problem. If the subject could
perfectly time-share the processing of the current subtotal and the processing of
the next incoming stimulus digit, then reaction time (measured from the offset of
the final digit) would show a decrease equal to the extra processing time allowed
by longer stimulus durations. Stimulus durations were made short enough to
interrupt the time required to complete a two-digit computation in order to require
interruption of the computation by the presentation of the next digit in the

* problem.

METHODS

Subjects. Twenty university subjects were tested. Ten of these participants
were females and ten were males. Half were graduate strdnts. Ea'ch had normal or
corrected to normal visual acuity. Each subject participated in an individual
session during which he or she completed all conditions of the experiment.

4..1
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Design. The task levels were the followir"' (i 3, or 4 nujmbers to be
totaled) x (250, 400, or 650 msec per number ,in" operant). Each of these nine
conditions was presented in two separate blocck, f I0 trials. The order of

, presentation of the nine conditions was counterbalanced as described in Experiment
I.

Procedure. The procedure was identical to that. used in the first experiment
- except for the subject's task. In this experiment the subject's task was to

perform a serial addition/subtraction task. Randomly selected digits were presented

one at a time at the fixation point. In each trial, two digits were displayed in

sequence, followed by a plus or a minus sign. If the trial was in a three-item
condition, a third digit and another plus or minus sign followed. If it was a

four-digit trial, a fourth digit and sign followed. The subject's task was to
perform this series of computations and to enter the units digit of the total
(e.g., 8, 6, +- yields 14, so enter 4). If a negative answer resulted, the subject
added 10 and entered the resulting units digit. The duration of each digit and each
operant sign was constant within a block of 10 trials. Between trials, this

duration varied as 250, 400, and 650 msec.

The modified test battery provided the opportunity to vary (via menu) the
following parameters in this serial arithmetic task: the number of trials in each

* block, the number of digits, and the duration of the digits and the arithmetic

operants.
J.

RESULTS

The mean response times to correct trials in each block were analyzed in an
analysis of variance. A mixed-factors design was used to determine the
significance of the three repeated measures (number of items, duration of items,
and trial blocks). The mean response times as a function of number of items and
item duration are graphed in Figure 3. The effect of number of items was

significant, F(2,38) = 36.38, p < .001. Practice (blocks), F(1,19) = 26.35, p <
.001, as well as the interaction of Item x Block, F(2,38) = 4.19, p < .05, were

found to be significant. Response speed improved by 450 msec between blocks as a

function of practice; however, the conditions with more items improved more. When

the response latency is considered as cost per digit, the information processing

o.- rate is virtually constant in all Block I conditions (595, 583, 555 msec for two,
* three, and four digits, respectively. Furthermore, this value is decreased by a
N constant in the second Block to 449, 437, and 397 msec for two, three, and four

digits, respectively. Item duration did not affect response latency (see Figure 3).

Error rates increased as the number of stimulus items increased. This effect
appears to be stronger for the shorter duration stimuli. The error rates as a

O function of number and duration of items were graphed in Figure 4. In addition,

the effect of practice improved the error rate from 12.6 percent to 9 percent
" between Blocks i and 2. This practice etfect did not appear to interact with

,,,-" either number of items or duration.

While both latency and accuracy showed a practice effect and reflected

variation in number of items, only error rate was affected by changes in item

*0%
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duration. Although the total .!mount of t Line tr, the pre. ,t .. : the tirst
V, . stimulus to tht response cue varied from , .se t, 1, : .*-." trr trials with

only two digits anid fro, 7,, to 4, SI  , , "5,-c w t f, di'its, response

latency wa-; uqttred by Lni_ durit ion ir:,in].

JAW d [_a lot ite sic o cor rt', I rt -,pol .e, WL't t it to I n,-ir , quadr,tic ,
and logarithmic models. The best I IPear mod l t rd :i_ t" i t (,,Ti 11d il ock. Both

Ltue itlladitA' Ic k id t ne L ogaritr. ' V . . -I. L . ... " ijO'yt

tie lugaritinm1c rit tas l-,., .. r e ,,-" t. O.,;ii _ ., .1. for each

model are listea it) FaV ...

Vari n i, dir-atiii a I d tect - i t i . .t i ,o I r DCns,,

-I l i'-t ,-t JLiot at the d'.r , *. ... ... -.... . , t va', e e

is consIsteilC .I t !! tr!e follwing l t rlreW oi: ,' i ct- ell t I i I t i t I the e, ire

list of digits wes cOmLete r)c or t t ,,.'gain to , uuti, . .IT ,ecct. , the

shorter presentation rate (250 msec) a,, 1.wea them less t ime to cons, l.ate ea:h item

(resolving the physical image and perhaps dt ta,-n, a ,.r,, ,::,,. , error rAtes

were higher for shorter st itiulus present L ijo dat I t Iail.

EXPEKIMENT li

In the third experiment subjects were asked to respond t, I., ,: imetic task

' in which the stimuli were present for the ent,' Com)itatln. I; w,.v

memory component tor the stimuus numbers was flut ,; .1' , l;

computationai memory component (for carrying va,,cs Iroii. oiaumt, to C tuml .. lhe

, task conditions varied in difficulty as a function ot the t 'itstn,

hundreds) and the number of items to be added Ashctatt and ,tizvk ( 11011) reported
that increasing problem size from one-digit to two-digit addends increased response

time sharply from 959 to 1,378 msec. They suggested tat respons, [at enc'v s;hould

reflect the difficulty in the summing of each CoI,:mn plu a i .nl.tar. imcit !! time

for each carry operation. In the present experimeat, both the i,(iniher oit digits per
addend and the number of addends in the problem were variedl to ter~nile wtit her

the increase in problem difficulty from these two sources prkduced t,-,al incremunts
in response latency.

MET ODS

Subjectq. Twenty uni _rsitv subjoct,, wcr . t, c' . '• t t I , t I I;

were females and ten were males. Halt were iradilte ,t t ' r' i:il to;

-nave normal or corrected to normal visual ,toit". , an

individual session during which he or she cm;, ,tpo i i l. t he

experiment.

Des iDesign. The task levels were the ral ,o ...- ,

1, , r I d igits in each number). F, fari o; t- , , .,' it

two ,cpat ;ite hiocks ot 10 trials. The rr , pr,. . .. - '

was conterbianced is descrihed in Fxneriment i.

:~~~~~~~~~~~~~~~.v..- ..... .v...................-....., --;"i--.-.-...........::; .. •-":..-,'",



Table 2

Regression Coefficients tor tt! i-t ., tmlh l "i ,-,:
Predicting Response Latency (CR1) r s a. I

XODF 1: LINEAR (Possible indt vpend nt v i rabIes k, d1ur It i , i ter., Hlock.)

I TihM
* B LOC K -. 5,

COX; FANT .1)

R

M ODEL 2: QLADR PTIC (Posible independent vari:h,:s ire duration, item,
duration*item, item-, duration , block.)

SAME AS LINEAR MODEL
N

MODEL 3: LOGARITHMIC (Possible independent variables are log 2 (duration),
. * log2(item), block.)

LOG( ITEM) .860
BLOCK .454

CONS*FANT .858

I- .21

.w

'p

%.4.
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Procedure. The procedure was identical to that used in the first experiment

.Xcep t for the subject's task. In this experiment the subject's task was to

.eriorm an addition task. Numbers were presented simultaneously in column format in
the cvnter of the screen. In each block of trials, either two or three numbers were

to bt add,,d. In each block the digits in each number were fixed at one, two, or
three. I[i each trial, the numbers were displayed until the subject entered the
ri rst digit of the total; then the column of numbers disappeared.

The moditied test battery provided the opportu,-ty to vary (via menu) the

tollowing parameters in this addition task: the number of trials in each block, the
number of digits in each item, and the number of items to be added.

RESULTS

The mean response times to correct trials in each block were analyzed in an

analysis ot variance. A repeated-measures design was used to test the effect of
number of items to be added, number of digits in each item, and trial block. The

effect of blocks was not found to be significant in any main effect or interaction;

therefore, the data were graphed for the average of the two blocks of trials in
each condition.

0 The mean response times for conditions were graphed in Figure 5. The effects
of items, F(1,19) = 119.4, digits, F(2,38) = 187.4, and their interaction (Item x

- Digit), F(2,38) = 61.8, were all significant at p < .001.

Error rates increased as the number of digits in each addend increased (1 vs.
2 vs. 3). While the error rates for adding two or three one-digit numbers were
virtually identical, error rates for larger addends (two- and three-digit numbers)
were higher for three-item problems than for two-item problems. The error rates
were graphed in Figure 6.

When the graphs of the two dependent variables are considered together, both

show decrements in performance as the number of items and digits increased.

The data for latencies of correct responses were fit to lineir, quadratic,
and logarithmic models for each retention interval group. The be~t linear model

- entered both number of items and number of digits. The quadratic and the
logarithmic model provide a similar fit by adding different functions of the same

two independent variables. The regression equations for each model are listed in

Table 3.

All three models do a very good job of fitting the data. The best model is
the quadratic model, which fits the data with one indepndent variable (ITEM *

DIGIT) and explains the greatest portion of the variance (R = .74).

, .Both error rates and response latencies were affected in a very systematic

way by the increasing load of computations. Increasing the number of items to be
added or the number of digits within each item increased latency by approximately

the same amount (4.70 and 4.72 seconds for each unit increase). The cost to the
error rate of increasing the size of the computation was about 8 percent per unit.

04
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Table 3

Regression Coefficients for tht Vlii iton iw :
Predicting Response Latency (CRr) Fr*m rasiK V'riafL1s

-MODEL 1: LINEAR (Possible independent variables are digit, iten, block.)

DIGIT 4.70

-a. ,ITEM 4.72
CONSTANT -14.52

R6 
9

MODEL2 2: QYADRATIC (Possible independent variables are digit, item, digit*item,
digit item, block.)

ITEM*DIGIT 3.42

R 2 .74

MODEL 3: LOGARITHMIC (Possible independent variables are log 2 (digit), log 2 (item),
block.)

LOG(DIGIT) 5.74

LOG(ITEM) 8.07
CONSTANT -8.69

R2  .66

V.
,9'-

P%:

O.2(9

0Z



.;N.RAL l)ISC'SSIJN

I .:> e '.- .e Il:ts, t h tlh iect ' tasks were ,,,.riocr toi alter

. .' : t'" e2 .c L J- . h',,r-.,rmince measures of accuracy ifid cp p e ed wer

- 1< r,. 11 J4't,'rmin ' tI( it ! c'c o t ex perimenrter-defined difficult' (i.e., tItk
_-.. . : " 7 '"'t s ,,.rtormance . All three tasks required a 'Ie.1wrv loud
-. : p "w .,t th,, t, ks r .f' i red .i computational load. The purpose ot tti r -I se rch

h..I t s>hthl is t ue r nsit ivitv of 1)erformance measures to vIr i,it itons in ti,

1 r - .it. l'hc 'at tern of performance measures was examinfed to deter-in7 in the
.t r 1 (. JLIu. Ievels "- f nemorv .nd computAt iona] load.

t.- rn,.e 'l,,s t-ted, all task parameters, except stimul]IIs aI-t tt'.n
* e -riul :a-tn kt ic (<ddition'suhtraction) task (E~xperim,,nt II), f teted

Sl f,) W. 1e ' sowin,;S L ts'stem ar iI i nc rease i n liatency and error rates s a

- ,i'. i,) of to,k d1ff 0 l ' t v. in this one except ion, latency was......-+ sit '.' t

2 i7lns At i Ir it ion even over 1 lar e rinoc of va Ilties (75Y to t o se- far the

.. a!lest number of co:piuttions/problem; and 1 ,750 to -,t :)sec for the laroest

fill, nr o) compitat ions/problem). rt appears ei ther (1) sub jects were doi ni, no
'om it i t t on during the serial presentation ol the it ems to he added , or (2)
bC't0 h< d to recalculite some portion of the computations otter the finaI

.- i ( beinnin, 't tht response interval). In either case, the net result was

t <l thn. response latency was unaffected by the amount of time that the st imulus
.: ha' been presented. However, error rates were greater when the sub ject had

" Id V ss time to view each item and operant. The improvement in accuracy as a
, .- r .nt o) of viewing time may be a function of greater time to analvze and label

r l,, t i.ulus betore having to process the next incoming item.

t. results ot the memory/visual search tsk (Experiment I ) were complex
rOc 'I!!e( of the pass ible sl eed! accuracy trade-of f be t we en the t wo rit-teInt io n
I " nt, rva 1 croups . The most parsimonious explanat ion of the di If erences in

o ,rformance between the two groups is that the 'i-second retent ion i nternI.l 'freup

Adopted a higher accuracy criterion at the cost of responce speed. !owever,
A ,artIer examination of the patterns of responding lead to a mnre interest i ni

tough post hoc ) hypothesis. Error rates were comparable for the two irs t the
l.,.nc- (r) memory set size; however, response latencies were slowtr for the roip

with t,o ,-ncer retention interval. Cons.ulidat in)n of the memor. se:t it, it',

it er', ( perhaps verbal) code duri ng the oxtended rtet(,:t i or , ter, , w,.,l I d

k-e" "> ate .i di it rent ret rieval strattec v .tld lo oI ,r seir,, V pat :, t t "

* .o.

.' " a t :, ",,I ii , idd i ti,,i t is k (rKxper i Ot I I in 're,', ,t s : i

-" rl t< er t1t in tit ti ; i .c ., Ld in r ri I i-,I,,t It . I- t

S1 " i ddin, two - i it numI rs. Thiln (,tl hi a! I i i t' 'u "tl -r ,

tri i r r s-iin model i .ith1er ''o ] 1 r (1 1 i I-a, or. II : ' ,0 r 1

' 1 1 ' 9 1:14 .7 , r . s p ,t iv .l I' t , e cI 1 - , . it i I I : r , . I -

H. 4, (I 'f t, r i tr n ti it -, h-t ,. th !l ,.II r I t r . 1 -

.,r t,, 15 is ct p i, l ole I ram t hi.-' hut t i -it lr,. 1, , , 11 1 ,
i'...t 1, ..r~i :,,, ' h o t r it i ' h ', t.o ,l niic'h,. , t i '' . ,' ,; , ... l

*e .. , ' m l . , . .. .
... ",ri .1 *' r ' i t t + 2

, 
r ;, , ' ,t

t r.
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In conclusion, performance was found to be a sensitive indicator of changes
in the task parameters for the three tasks tested. The test battery is an easy,
economical method of administering variations of these tasks. Future research

measuring performance, evoked potentials, and subjective responses is planned using

this battery of three tasks.
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EXPERIMENT f: ANALYSIS O." VARIANCE TABLE

SOURCE SS MS df

BETWEEN S RETENTION INTER 24.41 24.41 1 l.i,

373.24 20.74 18

•1 FHIN S BLOCKS .03 .03 1 .

RE f I NT X BLOCK .09 .09 1

11.87 .66 18

MEMORY SET SIZE 194.36 194.36 1 2r)"
RET INT X MEMORY 4.70 4.70 1 4.9

17.33 .96 18

SEARCH SIZE 87.32 43.66 2 25-43
RET INT X SEARCH 9.19 4.59 2 2.68

61.82 1.72 36

BLOCK X MEMORY .49 .49 1 1.39
p RET X BL X MEM .01 .01 1 .01

6.37 .35 18

BLOCK X SEARCH 1.70 .85 2 2.514
RET X BL X SEAR .51 .26 2 .76

12.08 .34 36

MEM X SEARCH 6.40 3.20 2 20.83
RET X MEM X SEAR 1.13 .56 2 3.7

5.52 .15 36

BL X MEM X SEAR .26 .13 2 .66
RET X B X M X S .11 .06 2 .28

7.12 .20 36

TOTAL 826.07 239

.7

O,

"27
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EXPERIMENT II: ANALYSIS OF VARIANCE TABLE

SOURCE SS MS df F

BL)CKS 18.53 18.50 1 26.43
13.36 .70 19

DURAT[ON .13 .06 2 .26
8.92 .23 38

ITEMS 45.02 22.51 2 36.31
23.51 .62 38

BLOCK X DUR 1.30 .65 2 1.51
16.47 .43 38

BLOCK X ITEMS 1.69 .84 2 4.20

7.67 .20 38

D DUR X ITEMS 1.32 .33 4 2.36
10.52 .14 76

BL X DUR X ITEMS .76 .19 4 .79

18.29 .24 76

BET S ERR 132.76 6.99 19

TOTAL 300.25 359

.

S .

.. "



.

* ~.EXPERIMENT III: ANALYSIS OF VARIANCE TABLE

* - SOURCE SS MS df F

BLOCKS 3.39 3.39 1 1.63

39.46 2.08 19

ITEMS 1338.59 1338.59 1 119.42
212.98 11.21 19

DIGITS 3556.84 1778.42 2 187.42

360.58 9.49 38

BLOCK X ITEMS 1.76 1.76 1 .71
46.81 2.46 19

* BLOCK X DIGITS 1.95 .98 2 .48
77.32 2.03 38

ITEM X DIGIT 504.47 252.23 2 61.84

155.00 4.08 38

BL X ITEM X DIG 4.35 2.18 2 1
82.50 2.17 38

BETWEEN S ERR 721.79 37.99 19

TOTAL 7107.79 239
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